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Abstract 
The thumb carpometacarpal (CMC) joint is frequently affected by osteoarthritis (OA). The 
prevalence of thumb CMC OA greatly increases with age and has disproportional predominance 
in postmenopausal women. However, so far the etiology of thumb CMC OA remains unclear, 
and no conclusion has been achieved regarding the selection of the optimal surgical procedure. 
Joint contact mechanics can be an important aspect in understanding the mechanism of thumb 
CMC OA development. The contact pressure distribution on the articular surface directly affects 
the cartilage condition. This study quantitatively compared the in vivo thumb CMC joint contact 
mechanics between 4 males and 4 females using finite element modeling (FEM), and also 
evaluated the accuracy of a time-efficient surface-based contact modeling (SCM) procedure for 
possible clinical application. Although a sufficient statistical power cannot be achieved with the 
small number of subjects, the contact patterns were substantially different between male and 
female groups. Contact area, force and peak contact pressure showed a trend of increase in the 
older female subjects. Compared with FEM, the contact parameter values from SCM may be 
somewhat less accurate, but SCM produced contact distribution patterns similar to FEM. In 
addition, SCM was able to distinguish the different contact patterns between normal and 
osteoarthritic thumb CMC joints with much less data processing. Therefore, SCM has clear 
potential for future clinical diagnosis and the evaluation of treatment efficacy for thumb CMC 
OA.  
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Nomenclature 
2-D: two dimensional 
3-D: three dimensional 
3T: three Tesla 
AOL: anterior oblique ligament  
AP: average pressure 
APL: abductor pollicis longus 
BMI: body mass index 
CA: contact area 
CF: contact force 
CMC: carpometacarpal 
dAOL: deep anterior oblique ligament  
DESS: dual echo steady state 
DRL: dorsal radial ligament 
ECRL: extensor carpi radialis longus 
FCR: flexor carpi radialis 
FEM: finite element modeling 
MCP: metacarpophalangeal 
MR/MRI: magnetic resonance imaging 
IML: intermetacarpal ligament 
OA: osteoarthritis 
POL: posterior oblique ligament 
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PP: peak pressure 
SAOL: superficial anterior oblique ligament  
SCM: surface-based contact modeling 
SCMU: surface-based contact modeling with uniform cartilage thickness 
SCMV: surface-based contact modeling with variable cartilage thickness 
TCL: transverse carpal ligament 
UCL: ulnar collateral ligament 
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Motivation 
Thumb carpometacarpal (CMC) osteoarthritis (OA) has long been a major health problem for 
postmenopausal women. Thumb CMC OA has a profound impact on patients’ quality of life as 
they lose the ability to perform routine daily living activities such as holding keys and opening 
jars. The etiology of thumb CMC OA remains unclear and treatment outcomes are still less than 
satisfactory. In addition there hasn’t been a well-developed system for the prevention, early 
detection and intervention of thumb CMC OA. As the average age of the worldwide population 
increases, the number of people affected by thumb CMC OA and the related healthcare resource 
consumption will rapidly increase. 
The motivation of this study is to investigate the etiology of thumb CMC OA based on the in 
vivo thumb CMC joint contact mechanics. It has been widely accepted that the contact 
distribution on the articular surface can directly regulate the cartilage conditions. Highly 
concentrated contact stresses exerted on the cartilage are more likely to damage the cartilage 
integrity and initiate OA. The thumb CMC joint is partially incongruent with limited bony 
stability. Laxity of the stabilizing ligaments and the lack of intrinsic muscular strength can 
potentially lead to unstable joint loading and cause detrimental contact conditions. Therefore 
understanding the contact pattern of the normal and degenerated thumb CMC joints can shed 
light onto the thumb CMC OA etiology and provide guidance for developing diagnosis and 
treatment techniques. 
Two studies are presented in this thesis. The first study (Chapter 2)compares the in vivo thumb 
CMC joint contact mechanics between four males and four females. The substantially higher risk 
of thumb CMC OA in females indicates potential gender differences in the joint mechanics 
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conditions. Previous studies have shown that female thumb CMC joints are less congruent, and it 
is well accepted that females tend to have less muscular strength than males under similar 
conditions. Therefore, different contact patterns between males and females in normal and OA 
thumb CMC joints are expected and may help better understand the mechanism of thumb CMC 
OA development from a mechanical prospective. 
The second study (Chapter 3)  compares the thumb CMC joint contact mechanics data computed 
from two different modeling methods. The first one is finite element modeling (FEM), which is 
commonly accepted as the gold standard as it tends to provide more accurate results. However 
the time-consuming and labor-intensive analysis procedure hinders the application of FEM in 
clinical practice. The second method is surface-based contact modeling (SCM), which uses a 
simplified analysis procedure that greatly shortens the model building and analysis time. The 
time efficiency of SMC makes it more viable for clinical application, but the accuracy of SCM is 
somewhat of a concern due to the simplified contact rule. Therefore this chapter compares the 
contact mechanics data obtained from FEM and SCM, and evaluates the accuracy of SCM for 
clinical practice. A time efficient procedure to assess the patients’ thumb CMC joint contact may 
be an effective tool for early diagnosis of thumb CMC OA and may help to evaluate the efficacy 
of the thumb CMC OA treatment techniques. 
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1 Background 
It has been widely accepted that hand is capable of the most complex motor functions,
1
 as it 
takes up even larger cerebral cortex motor area than the total of trunk, hip, knee, ankle and toes. 
Among all the five digits, the thumb declares its independence by being the only finger capable 
to oppose each of the other four digits. The opposable thumb with increased length relative to the 
other digits has been a signature feature of primates with advanced hand dexterity such as higher 
apes.
2
 The thumb opposition is the key component to perform power grip and pinch, and 
therefore plays an important role in the hand function of humans. Unlike the other four digits, the 
thumb only has two phalanges (first and second phalanges) and 3 articular joints 
(carpometacarpal, metacarpophalangeal and interphalangeal joints). The thumb carpometacarpal 
(CMC) joint, with its unique saddle shaped articular surface, is the primary joint responsible for 
generating opposition.
3
 However, due to its frequent exposure to repetitive loading and the lack 
of osseous stability, the thumb CMC joint is very commonly affected by osteoarthritis (OA).
4
 
1.1 Anatomy 
The thumb CMC complex was first described as a “saddle joint” by Fick,
5
 as the articular 
surfaces are made up of two opposing saddles with their axes perpendicular to each other (Figure 
1.1). The thumb CMC joint has also been described as a universal joint.
3
 The thumb CMC joint 
structure has two primary degrees-of-freedom and allows for flexion/extension and 
abduction/adduction, which can be combined to form more complex movements such as 
circumduction and opposition.
6
 Due to ligament laxity there is also the possibility of some axial 
rotation of the metacarpal with respect to the trapezium.
6, 7
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Figure 1.1. Left: location of the thumb CMC joint; right: saddle-shaped articular surfaces and 
perpendicular primary axes. Reprinted from The Journal of Biomechanics, Volume 25, Ateshian, 
G.A., Rosenwasser, M.P., and Mow, V.C., Curvature characteristics and congruence of the 
thumb carpometacarpal joint: differences between female and male joints, Pages 591-607, 
Copyright (1992), with permission from Elsevier.  
1.2 Bones of the Thumb Basal Joint 
Although the thumb CMC joint generally refers to the articulation between trapezium and 
metacarpal, the basal thumb contains four interactive trapezial articulations: the 
trapeziometacarpal (thumb CMC), scaphotrapezial, trapeziotrapezoid, and trapezium-second 
metacarpal articulations (Figure 1.2). The thumb CMC and scaphotrapezial joints align with the 
thumb compression axis,
8
 and therefore are most frequently affected by radiographically-
diagnosed degeneration diseases.
9, 10
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Figure 1.2. The bones articulating with trapezium include first and second metacarpal (MC I and 
MC II), trapezoid and scaphoid. Reprinted from 
http://commons.wikimedia.org/wiki/File:Carpus.jpg with modifications. 
1.3 Muscles and Ligaments 
Due to the unique shallow saddle architecture, the thumb CMC joint has limited intrinsic osseous 
stability, and relies primarily on the ligaments and muscles to constrain the metacarpal 
translation in both static and dynamic conditions.
8
 The reliance on ligamentous and muscular 
stability greatly increases joint mobility, and allows for sufficient range-of-motion to perform 
opposition.
3
 
The major thumb CMC joint ligaments can be divided into volar and dorsal aspects. The volar 
aspect contains superficial anterior oblique ligament (SAOL), deep anterior oblique ligament 
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(dAOL), and ulnar collateral ligament (UCL); the dorsal aspect contains dorsal radial ligament 
(DRL), posterior oblique ligament (POL) and intermetacarpal ligament (IML) (Figure 1.3).
11
  
Controversy remains on identifying the primary stabilizer of thumb CMC joint,
8
 while the two 
most widely studied ligaments are SAOL and DRL. The SAOL originates from the trapezium 
palmar tubercle and inserts into the ulnar articular margin of the metacarpal base, and is 
elongated and tightened during metacarpal pronation to resist abduction and extension forces.
8, 12
 
Prior studies have shown that SAOL degeneration and detachment closely correlate with thumb 
CMC joint degeneration.
12, 13
 The DRL is considered as the thickest and widest ligament within 
the thumb CMC joint, which originates from the trapezium dorsal tubercle and inserts broadly 
into the dorsal edge of the metacarpal base.
11
 It has been shown that sectioning of DRL caused 
much larger metacarpal displacement than that of SAOL and IML
14
, and DRL was suggested as 
the primary restraint during simulated metacarpal dorsal dislocation.
15
  
 
Figure 1.3. Illustration of the major ligaments and some muscles in thumb CMC joint. Left: volar 
view, deep anterior oblique ligament (dAOL, brown), superficial anterior oblique ligament 
(SAOL, dark blue), volar first metacarpal ulnar base–second metacarpal radial base 
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intermetacarpal ligament (v 1MC-2MC IML, yellow), ulnar collateral ligament (UCL, purple), 
transverse carpal ligament (TCL, red), flexor carpi radialis (FCR, light blue). Right: dorsal view, 
dorsal radial ligament (DRL, orange), posterior oblique ligament (POL, green), abductor pollicis 
longus (APL, brown), dorsal first metacarpal ulnar base–second metacarpal radial base 
intermetacarpal ligament (d 1MC-2MC IML, red), extensor carpi radialis longus (ECRL, 
yellow). Reprinted from The Journal of Hand Surgery, Volume 31, Nanno M., Buford W.L. Jr., 
Patterson R.M., Andersen C.R., Viegas S.F., Three-dimensional analysis of the ligamentous 
attachments of the first carpometacarpal joint, Pages 1160–1170, Copyright (2006), with 
permission from Elsevier. 
There are nine major muscles involved in the muscular stabilization of thumb CMC joint. The 
volar muscle group includes the abductor pollicis brevis, flexor carpi radialis (FCR), opponens 
pollicis, flexor pollicis longus, and the adductor pollicis. The dorsal muscle group includes 
abductor pollicis longus (APL), extensor carpi radialis longus (ECRL), extensor pollicis longus, 
and first dorsal interosseous muscle (Figure 1.3). These nine muscles together provide the 
dynamic stability of thumb CMC joint.
3
 The APL inserts into the thumb metacarpal base, and is 
believed to cause metacarpal dorsal subluxation with insufficient ligamentous stability.
8
 
1.4 Thumb CMC Joint Osteoarthritis 
Our daily living activities such as typing, using keys, turning door knobs, and opening jars or 
bottles require repetitive use of the thumb. The thumb CMC joint is the primary load-bearing 
joint during pinch and grasp. It can experience compression force up to 12 fold of the external 
applied force at the fingertip during a tip pinch. While performing strong grasp, the joint contact 
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forces can reach 1000N.
16
 Tendon forces may rise up to 300N during strong key pinch and may 
exceed 700N with a strong power grip.
16
 Being exposed to such large loads, together with the 
relatively mobile bony structure, the thumb CMC joint may be frequently overloaded, likely 
leading to its high incidence of osteoarthritis (OA). 
1.4.1 Prevalence, Incidence and Impact 
The thumb CMC joint is the hand joint second most commonly affected by osteoarthritis.
17, 18
 
About 1 in 12 men and 1 in 4 women are affected by thumb CMC OA.
8, 19, 20
 The prevalence of 
thumb CMC OA greatly increases with age,
17, 18, 21
 and is substantially higher in women. More 
than 50% of postmenopausal women complain of pain and strength loss at the base of the 
thumb.
22
 A study of the Frammingham offspring and community cohorts showed that within 9 
years cumulatively 20% of the community developed thumb CMC OA, which was the highest 
incidence among all hand joints.
23
 Counter-intuitively, for both genders thumb CMC OA is more 
likely to affect non-dominant hand.
17, 23
 
Patients with thumb CMC OA suffer significant pain and stiffness at thumb base,
23
 with 
substantial loss of strength and range of motion.
24
 Performing daily-activities such as holding 
keys and opening jars becomes very difficult and patients will eventually need a caregiver’s 
assistance. The collapse of the thumb will occur in advanced stages of thumb CMC OA, leading 
to a “swan-neck” deformation as the metacarpophalangeal joint develops hyperextension in order 
to compensate the inability to abduct the thumb base.
25, 26
 
A growing proportion of the population is considered elderly among worldwide population as 
life expectancies increase. By 2030, about 20% of Americans will be over 65 years old, facing a 
high risk of developing thumb CMC OA as well as OA in other joints. With the high price and 
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poor functional outcomes of surgical operation, treatment of thumb CMC OA will become an 
even greater contributor to future health care costs.
19
 
1.4.2 Staging, Diagnosis and Treatment 
The Eaton staging system
27
, based on the radiograph of thumb CMC joint, is commonly used to 
determine the stage of joint degeneration. Stage 1 shows normal articular surface and widened 
joint space due to the synovial fluid accumulation in joint cavity; Stage 2 shows moderate joint 
space narrowing and osteophyte formation of less than 2 mm; in Stage 3 OA, the thumb CMC 
joint displays substantial narrowing, osteophyte formation and metacarpal subluxation, but the 
scaphotrapezium joint remains intact; in Stage 4 OA, the thumb CMC joint space is completely 
deteriorated, and the degeneration of scaphotrapezium joint can also be observed (Figure 1.4). 
 
Figure 1.4. From left to right, Eaton Stage 1 - 4 thumb CMC OA as seen on a radiograph. 
Reprinted from The Journal of Hand Surgery, Volume 23, Barron, O.A., Eaton, R.G., Save the 
trapezium: Double interposition arthroplasty for the treatment of stage IV disease of the basal 
joint, Pages 196-204, Copyright (1998), with permission from Elsevier. 
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Although Eaton staging is frequently used to describe thumb CMC OA, it doesn’t not predict the 
symptomatic severity of the disease. In many cases, individuals with radiographically apparent 
thumb CMC OA will report no symptoms. In clinical settings, diagnosis of thumb CMC OA 
often starts with physical examination including palpation and grind test, and then confirms with 
radiograph.
8
  The treatment of thumb CMC OA is also determined based on the severity of 
clinical symptoms such as pain and weakness, rather than the radiographic stage.
3
 
Treatment of thumb CMC OA includes both conservative and operative procedures. 
Conservative treatment includes hand exercises, splinting, corticosteroids and hyaluronic acid 
injections, which aim to strengthen the muscles, stabilize the joint, and reduce the local 
inflammatory response, respectively. As for the surgical treatment, ligament reconstruction and 
metacarpal extension osteotomy are sometimes used for patients with less severed OA. 
Arthrodesis is usually chosen for younger patients with high-demand occupations, as it restores 
the physical strength at the cost of mobility loss. For patients with advanced thumb CMC OA, 
trapeziectomy is the most commonly performed procedure. Following the removal of the 
trapezium, tendon interposition and implants are sometimes used to fill the voids in order to 
prevent the loss of thumb length. 
Because the surgical treatment of thumb CMC OA requires a long period of immobilization and 
may cause additional temporary discomfort and possible complications during recovery, non-
surgical procedures are often of interest.
28
 However, non-surgical procedures are only suitable 
for early stage thumb CMC OA, and more than 50% of the patients with Stage 2 and above 
thumb CMC OA will fail the non-surgical treatment and require operation.
29
 Many studies have 
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been conducted on the efficacy of different surgical procedures, but there hasn’t been any clear 
conclusion with regard to which option provides the best outcome.
19
 
1.4.3 Etiology 
The cause of thumb CMC OA can be both primary (intrinsic or idiopathic) and posttraumatic. So 
far there hasn’t been any longitudinal study establishing a clear etiology of primary thumb CMC 
OA.
8
 The Bennett fracture (intra-articular fracture of the metacarpal head) is the most common 
injury to thumb CMC joint, which can potential lead to secondary thumb CMC OA.
3
  
One of the most commonly suggested theories for primary OA of the thumb CMC joint is 
ligament laxity. People with hypermobility features tend to have higher risk of thumb CMC 
OA,
30, 31
 and a cadaveric study has showed the presence of degenerated ligaments in thumb CMC 
joints with advanced OA.
13
 Another theory is that the lack of muscle strength or muscle 
imbalance will lead to insufficient dynamic stability. Hand exercise programs targeting the 
strengthening of the thenar muscle have long been used to treat early stage thumb CMC OA.
32
  
Biochemical factors such as the hormonal environment appear to be another major aspect of 
thumb CMC OA etiology. The lack of estrogen in postmenopausal women has been linked to 
multiple pathological changes in the articular joint including the degeneration of chondrocytes
33
 
and inflammatory response in the synovial cavity.
34, 35
 The decrease of muscular strength can 
also be linked to estrogen deficiency.
35
 In addition, women may have a higher risk of laxity due 
to child birth, as an immunohistochemical analysis suggested that the binding of relaxin to volar 
oblique ligament could potential cause ligament laxity.
36
 
Although thumb CMC joint is a non-weight bearing joint, studies have found that body mass 
index (BMI) was directly proportional to the prevalence of thumb CMC OA.
37, 38
 Such finding 
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can be linked to both the mechanical and biochemical factors related to thumb CMC OA. People 
with higher BMI may alter their joint loading due to the elevated muscle or fat composition 
within the joint complex. And a higher BMI may lead to multiple changes in the local 
biochemical environment such as lipid circulation, insulin-like growth factors, and hormones, 
which could potentially induce inflammatory responses and joint degeneration.
39
 
1.4.4 Gender Differences 
It has been widely accepted that females have much higher risk of thumb CMC OA than males, 
while there have been many proposed theories addressing the gender differences, so far no 
consensus has been achieved. 
Estrogen is believed to have the most significant effect on female joint conditions and OA 
development. However, it is still unclear whether estrogen plays a protective or detrimental role 
on joint conditions. Although estrogen tends to enhance muscle strength, regulate cartilage 
conditions and maintain synovial homeostasis, high level of estrogen is also linked to the 
weakness and rupture of ligaments.
34, 35, 40
  
The differences in articular surface geometry between males and females have also been 
suggested as a possible factor related to the higher thumb CMC OA prevalence in females. 
Women tend to have a shallower trapezium surface and hence a less congruent thumb CMC joint. 
That incongruence is likely to cause higher contact stress and damage the articular cartilage.
10, 41
  
In addition, the relatively lower muscle strength in females compared with males also suggests 
that females may be more likely to encounter a lack of dynamic stability when performing 
activities requiring repetitive thumb loading. 
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1.5 Thumb Carpometacarpal Joint Contact Mechanics 
The biochemical environment and mechanical configuration are the two main factors related to 
the OA development of the thumb CMC joint. From the biochemical aspect, the corticosteroids 
and hyaluronic acid injection has been used to treat early stage thumb CMC OA by attempting to 
maintain the homeostasis of the joint. From the mechanical aspect, splinting, exercise and many 
surgical procedures have been developed to correct the joint mechanics. As this joint is 
frequently subject to a significant amount of loading, the contact pressure exerted on the articular 
surface can greatly affect the joint conditions.
42
 It has been suggested that the contact pressure 
and pressure distribution play an important role in regulating and maintaining the cartilage 
integrity throughout the lifetime.
43
 The restoration of normal joint contact is also frequently 
evaluated in order to determine the efficacy of different treatment procedures.
44-46
 
1.5.1 Prior Studies 
Many studies have been conducted to address different aspects of the thumb CMC joint 
biomechanics. The contact patterns of normal and OA thumb CMC joints, cartilage wear 
conditions as well as the ligamentous stabilizations have been investigated based on cadaveric 
models, but the mechanical factors contributing to the initiations of thumb CMC OA remain 
controversial.  
Studies by Pellegrini et al suggested that in normal thumb CMC joint the primary contact was 
located on the volar aspect of the trapezium and metacarpal surfaces, while with advanced stage 
of OA, the contact location shifted dorsally. A similar dorsal contact shift can be reproduced by 
detaching the SAOL (also referred as palmar beak ligament), which indicated that SAOL may be 
the primary ligament to stabilize the joint.
13
 Similarly, Ateshian et al also suggested that during 
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lateral pinch the predominant contact for both surfaces was on the volar-to-ulnar regions.
47
 They 
also analyzed the cartilage thickness on nine specimens and found that thin cartilage was most 
commonly presented on the ulnar and dorsoradial aspects of the trapezium, suggesting 
potentially higher wear on these sites.
47
 However, one could also interpret thin areas of cartilage 
as those not commonly loaded. In contrast, Van Brenk et al compared the effect on dorsal 
subluxation from sectioning different ligaments and found that sectioning the DRL resulted in 
much larger subluxation than any other ligament. Hence the DRL should be considered an 
important ligamentous stabilizer of the thumb CMC joint and should be addressed during 
ligament reconstruction procedures.
14
 
 A recent in vivo kinematics study has shown that, compared with normal thumb CMC joint, a 
joint with OA exhibits dorsal translation of metacarpal center of rotation during flexion and 
adduction, which leads to an increased metacarpal volar tilt.
48
 The link between this finding and 
the prior cadaveric contact mechanics studies is unclear. We have found no published study 
addressing the in vivo contact mechanics of the thumb CMC joint nor its alteration related to OA 
development. 
1.6 Modeling Procedures 
In order to address the limitations related to the previous cadaveric studies, computational 
modeling is frequently used to evaluate in vivo joint contact mechanics. Simulated functional 
pinch or grasp can account for the simultaneous input of muscle and tendon forces under in vivo 
conditions, which is very difficult to replicate in cadaveric studies. In addition, the non-
invasiveness and repeatability of computational modeling provide great convenience in 
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analyzing multiple types of trauma and pathological conditions. Finite element modeling and 
surface-based contact modeling are two possible computational procedures. 
1.6.1 Finite Element Modeling 
Finite element modeling (FEM) is often used to solve complex structural systems which include 
irregular geometries, detailed material properties and multiple loading conditions. This technique 
is usually considered as the gold standard and believed to have the most accurate results when 
including deformable contact analysis for joints. However, the mesh development and 
refinement rely heavily on the manual input and adjustment. Although the rapid computations of 
FEM software can be achieved on modern computers, FEM is still a time-consuming procedure. 
The basic theory of finite element modeling is to break down a complex structure into a finite 
number of small elements with simple geometries. Tetrahedral (Figure 1.5) and hexahedral 
elements are the two most commonly used element types in three dimensional structures. Each 
element is connected to other elements by sharing one or more common nodes. Then each 
element is assigned specific material properties for the element type, such as the elastic modulus 
and Poisson’s ratio for linear isotropic elements. The next step is to define the boundary 
conditions, which can be either the applied loads (forces or pressure) or applied/constrained 
displacements. Based on the force and moment equilibrium or the principle of virtual work, 
element equations are assembled to generate a typically very large set of matrix equations which 
represents the response of the entire structural system to the applied boundary conditions. 
Solving the system of equations will give nodal displacements, reaction forces as well as the 
stresses and strains. 
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Figure 1.5. Trapezium (bottom) and metacarpal (top) tetrahedral cartilage meshes for FEM. 
The polynomial equations in the matrix can be either linear or higher order, which depends upon 
the type of elements being chosen (e.g. linear or quadratic elements) and the additional properties 
related to the materials (e.g. hyperelastic materials) and interactions (e.g. sliding contact and 
friction). The accuracy of FEM increases with an increasing number of elements and order of the 
polynomial equations. Mesh refinement is often performed in the context of a mesh convergence 
study to assure sufficient accuracy (i.e. convergence) of the solution. When further refining the 
mesh yields only small variation in the solution that is within a predetermined acceptable range, 
the mesh is considered converged. 
1.6.1.1 Examples of Prior Finite Element Modeling Analyses 
Butz et al performed a COMSOL-based finite element analyze to evaluate the 
metacarpophalangeal (MCP) joint contact forces and stresses for gripping a pen and carrying 
weight.
49
 The quadratic Lagrange elements were used for cartilage meshing. The stress 
distribution of the thumb MCP joint was computed in a two-dimensional, plane stress system. 
The joint and tendon forces were determined by solving force and moment equilibrium equations 
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in static analysis. The Young’s modulus and Poisson’s ratio for cartilage were assumed to be 
1.12 MPa and 0.5, respectively. Cartilage was assumed to be 2 mm thick on each side of the joint 
with fixed contact constraints to the bone. Frictionless contact was assumed for the two articular 
surfaces. The simulation predicted average stress of 134 kPa at the cartilage for pen-gripping and 
493kPa for weight-carrying, and the compression forces at the MCP joint were 20 N and 200 N, 
respectively.
49
 The MCP joint apparently experienced a significantly high level of contact force 
but the stresses distributed on the cartilage remained relatively low. This provided basic guidance 
for modeling small articular joint in vivo contact mechanics. However, the cartilage material 
properties and thickness used in this study were not explicitly verified, nor supported by 
anatomical analysis. And the 2-D plane stress system may be insufficient to replicate the loading 
condition of the 3-D joint structure. 
Gislason et al created a subject specific three-dimensional finite element model of wrist to 
quantify the contact mechanics of all involved joints (from finger joints to radialcarpal and 
ulnarcarpal joints), including the thumb MCP joint, during maximal gripping. A maximal grip 
strength test was performed by three subjects and the external load on was measured from the 
force transducer placed under each finger. The internal force on MCP joints was obtained from 
solving a biomechanical model.
50, 51
 Bone geometry was acquired from MRI scan and joint 
kinematics was acquired using motion capture during the grip test. The cartilage was meshed 
with 10-node tetrahedral elements and assigned the material properties of 10MPa Youngs 
modulus and 0.4 Poisson’s ratio. Ligament insertion and material properties were assigned based 
on previous cadaveric studies.
52, 53
 Surface contact was modeled based on the hard contact 
algorithm and a shear force component was included to take into account the contact friction. 
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The results indicated that the external force applied at the thumb was much higher than those at 
the other fingers during maximal gripping. The calculated internal contact force for thumb MCP 
joint well exceeded 400N for all the subjects. FEM showed that primary contact stress was 
exerted on the radial aspect of the carpal bones and more than 80% of the force was transduced 
through radius.
50
 This study primarily focused on the stress experienced by bone as an load-
bearing entity. Although MCP joint reaction forces were calculated, the stress distribution on the 
articular cartilage was not explicitly addressed. 
Previous investigations on hand and wrist joint mechanics using FEM were able to take into 
account various aspects including the ligament and tendon forces as well as the external loads 
and moment angles. But the actual stress distribution on the articular surface has not been well 
addressed. We have not found any study specifically applying FEM on the thumb CMC joint 
contact mechanics.       
1.6.2 Surface-Based Contact Modeling 
Surface-Based Contact Modeling (SCM) has been used as a simplified computational procedure. 
Instead of performing analysis of the full cartilage volume, two or more bilinear contact surfaces 
were constructed to represent the articular cartilage surfaces that are opposed according to 
boundary conditions. The interactions between the surfaces are determined based on a specific 
contact rule (e.g. linear or non-linear) (Figure 1.6). 
For the articulation between two or more joint surfaces, a general 3-D quasi-static algorithm was 
developed by Kwak et al
51
 and implemented in a general framework software, Joint_Model. The 
articular surfaces are assumed to be rigid and the contact forces and pressures are calculated 
based on the overlap of the two surfaces. The contact area is determined by the overlapping 
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region. Local strain is calculated by the local interpenetration and cartilage thickness. Local 
pressure is determined from the local strain and the applied effective cartilage relaxation 
modulus. Contact force is calculated by integrating the local pressure with respect to the contact 
area.
51
 
1.6.2.1 Examples of Prior Surface-based Contact Modeling Analyses  
SCM was first applied and validated by Kwak et al on modeling the patellofemoral joint of six 
cadaver specimens. The model was constructed based on the specimen-specific bone and 
articular cartilage geometries, ligament and tendon insertions as well as muscle line of force. The 
modeling results (medial, proximal and anterior translations, flexion, tilt and internal rotation) all 
obtained sufficient accuracy when compared to the experimental data.
51
 
Pillai et al applied SCM on radioscaphoid, radiolunate, and scaphoidlunate articulations of four 
cadaveric specimens during light grasp.
52
 The subject specific model geometry was obtained 
from MRI scan and the joint kinematic transformations were acquired by image registration to a 
functionally loaded MRI scan. The linear contact rule was applied and the effective cartilage 
relaxation modulus was assumed to be 4 MPa. Contact area, force, peak and average contact 
pressure were computed for each articulation in each subject. The obtained contact parameters 
showed reasonably good consistency compared to previous cadaveric studies, and was validated 
in later studies,
53-55
 which indicated potential application of SCM on modeling small joints.
52
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Figure 1.6. Triangular bone surfaces (yellow) and bilinear cartilage surfaces (white) for 
trapezium and metacarpal for SCM 
Compared with FEM, the main advantage of SCM is that model building is much less labor 
intensive and that it can generate the solutions much more quickly by applying the first order 
contact rule to the surfaces. The main disadvantages are that SCM is a low order solution 
(approximation) and doesn’t account for the stresses and strains inside of the contacting body. 
A study by Johnson et al compared SCM and FEM for modeling in vivo radiolunate and 
radioscaphoid joint contact mechanics in order to evaluate the effect of wrist injuries and the 
efficacy of surgical repairs. The model geometry and kinematic transformations were obtained 
using the same method established by Pillai et al.
52
 The contact parameters computed from SCM 
showed good agreement with that from FEM. The contact areas obtained from both modeling 
procedures matched well with the direct contact areas measured from the loaded MRI, which 
suggested the possibility of SCM application for clinical evaluation.
56
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1.7 Conclusion and Motivations 
Thumb CMC OA affects a large percentage of the population and has a great impact on patients’ 
quality of life. The etiology of thumb CMC OA remains unclear, which greatly hinders the 
development of early diagnosis and intervention techniques. Thumb CMC OA has 
disproportionally high prevalence in postmenopausal women. Understanding the mechanism 
related to such substantial gender differences and aging effects may provide great insights into 
the etiology. The contact pressure distribution on the articular cartilage surface plays a major role 
in regulating cartilage conditions. Alteration of contact mechanics can be an important indication 
of potential joint degeneration and OA development. A time-efficient tool to evaluate joint 
contact mechanics is important for research and may be beneficial for clinical practice. Thus, 
SCM may potentially be used for evaluating thumb CMC OA risk and detecting OA onset, as 
well as for assessing the treatment outcomes.  
Therefore, the objectives of this work are to quantitatively compare the in vivo thumb CMC joint 
contact mechanics between males and females, and to evaluate the efficiency and accuracy of 
surface-based contact modeling of the thumb CMC joint, compared to finite element modeling, 
for potential clinical applications.  
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Joint Contact Mechanics 
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2.1 Abstract 
Osteoarthritis (OA) of the thumb carpometacarpal (CMC) joint has much higher prevalence in 
women than in men, and greatly increases with age. The purpose of this preliminary study is to 
compare the in vivo thumb CMC joint contact mechanics between males and females. Finite 
element models were constructed for four males and four females based on MRI imaging during 
functional loading. A trend of increasing peak contact pressure with age was seen for females but 
not for males. Contact region size and location showed different patterns between males and 
females as well, indicating gender differences in joint contact mechanics that are likely related to 
the high thumb CMC OA risk in older women.  
2.2 Introduction 
The thumb carpometacarpal (CMC) joint is an essential joint in the hand for performing pinch 
and grasp. It is a primary load bearing joint which can be subject to 12 times of the force exerted 
at the fingertip during a simple tip pinch [1]. Many routine tasks of daily living, such as writing, 
typing and texting require repetitive use of the thumb. Unfortunately, the thumb CMC joint has 
the second highest prevalence of osteoarthritis (OA) among all hand joints [2, 3]. Thumb CMC 
OA affects 1 in 12 men and 1 in 4 women [4, 5].  
The prevalence of thumb CMC OA shows substantial gender differences and aging effects, and 
is predominately found in postmenopausal women [3, 6]. The etiology of this disease remains 
unclear, although it is believed that it can be initiated by both mechanical factors (e.g. lack of 
ligamentous stability, muscular stability, or joint incongruity) and/or biochemical factors (e.g. 
hormonal environment or inflammatory response) [4]. 
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Previous studies have looked at different aspects of the thumb CMC joint biomechanics, 
including the kinematics and joint contact mechanics [7-10], however, the contact patterns in the 
normal in vivo joint and OA thumb CMC joint remain undetermined. Although it’s strongly 
suggested that ligament laxity is likely an important factor contributing to the thumb CMC OA 
development [4], controversy remains on identifying the primary ligamentous stabilizer of this 
joint [9, 11, 12]. So far we have found no published data on in vivo thumb CMC joint contact 
mechanics. Since the contact pressure distribution can greatly affect the cartilage condition [13], 
better understanding of the in vivo thumb CMC joint contact mechanics can bring insight into the 
thumb CMC OA etiology and provide guidance to improve diagnosis and treatment. Therefore 
the objective of this preliminary study is to quantitatively investigate the in vivo thumb CMC 
joint contact mechanics and the differences related to gender and aging effects. 
2.3 Methods 
2.3.1 Subjects and MRI Scan 
Eight subjects were divided into male (4 males, age 26-56) and female (4 females, age 33-69) 
groups (study approved by IRB). No subjects reported previous injury or diagnosis of OA to the 
thumb CMC joint. Each subject had one hand scanned using a 3T clinical MRI system (Siemens 
Skyra, Siemens, USA) with a dual echo steady state (DESS) sequence. Two sets of images were 
obtained for each hand. First, the relaxed hand was placed flat in a palm-down position and 
scanned at a high resolution (0.22 mm×0.2 mm in-plane pixel size, 0.5 mm slice thickness, 
designated the unloaded image set, Figure. 2.1); then the same hand was used to grip a 25 mm 
diameter air-pressurized tube (initial pressure = 3.0 psi = 20.7 kPa) and scanned at a relatively 
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lower resolution (0.31 mm×0.31 mm in-plane pixel size, 1.0 mm slice thickness, designated the 
loaded image set, Figure. 2.2A-B). The reduced resolution shortened the scan time in order to 
minimize subject fatigue and motion artifact. Each subject was asked to wear a wrist brace 
during the loaded scan to ensure a consistent gripping position. Visual feedback (Figure. 2.2C) 
was provided to the subjects to ensure that each time the tube was gripped to and held at a 
consistent target pressure (3.125 psi = 21.5 kPa). 
2.3.2 Modeling Geometry 
The cartilage of the trapezium and of the first metacarpal was segmented from the unloaded 
image set using ScanIP (Simpleware Ltd, Exeter, UK). A 3-D linear tetrahedral volume mesh 
was constructed from each segmented cartilage volume using the ScanIP/FE module (Figure. 
2.3). In addition to the initial meshing, two more mesh refinements were performed sequentially, 
each with higher mesh density than the previous one, to assure mesh convergence. 
2.3.3 Kinematic Transformation 
Image registration was performed to obtain the transformation to the loaded joint configuration 
during the applied light grasp. Based on the assumption that the bones were rigid during the 
loading, the registration was performed on the isolated bones. The trapezium and metacarpal 
bones were segmented without cartilage and isolated on a black background from both the 
unloaded and the loaded image sets (Figure. 2.4). Analyze 5.0 voxel-based registration was used 
to determine the transformation. The metacarpal was used as the reference. First the loaded 
metacarpal was registered to the unloaded metacarpal in order to align the coordinate of the 
loaded image set to that of the unloaded image set. Then the loaded trapezium was transformed 
into the unloaded coordinate system using the obtained reference transformation. In this way the 
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transformed-loaded trapezium and the unloaded trapezium were compared in the same 
coordinate system. Finally the unloaded trapezium was registered to the transformed-loaded 
trapezium, which gave the joint kinematic transformation from the unloaded to the loaded 
configuration (Figure. 2.5). 
2.3.4 Modeling and Verification 
Finite element modeling was performed in Abaqus 6.9 (Simulia, Providence, RI) (Figure. 2.6). 
Cartilage was modeled as a homogeneous, isotropic, elastic solid with Young’s modulus 
(effective relaxation modulus) of 4 MPa and Poisson’s ratio of 0.2 based on previous studies [14, 
15]. The obtained kinematic transformation for the trapezium was applied as a displacement 
boundary condition for each modeling analysis, while the metacarpal cartilage was held fixed 
(Figure. 2.6). Subchondral surface was assumed to be rigidly constrained by the displacement 
boundary conditions. The contact between the two cartilage volumes was assumed to be 
frictionless with finite sliding [16]. Contact force (CF) and contact area (CA), as well as peak 
contact pressure (PP) and average contact pressure (AP) were computed for each modeling 
analysis. Less than 5% variation of contact force was accepted as the mesh convergence criterion.  
The contact region visible on the loaded MR image set was segmented to directly measure the 
contact area from the loaded image, and the obtained direct contact area was compared with the 
contact area computed from the model in order to verify the model accuracy (Figure. 2.7) [16].  
2.3.5 Statistical Analysis 
Statistical analysis was performed in SPSS (IBM, Armonk, New York). To analyze the gender 
difference, contact area, force, peak and average contact pressures were compared between male 
and female groups using student t-test, and the f-test was used to evaluate the within group 
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variation. Within each gender group, linear regression with age was performed for each obtained 
contact measure to evaluate the aging effects for males and females separately. Linear regression 
with body weight (BW) and body mass index (BMI), separately, were also performed on each 
obtained parameter to determine the possible effects from body size. Statistical significance was 
defined as p < 0.05. 
2.4 Results 
Mesh convergence was achieved by refining the trapezium mesh from 3752 to 6655 nodes and 
metacarpal mesh from 3515 to 8600 nodes. Although all subjects self-reported asymptomatic, 
from the MRI images Subject F4 showed substantial joint space narrowing and osteophyte 
formation (Figure. 2.8), which indicated an advanced stage of thumb CMC OA. This is 
consistent with the observed phenomenon that the radiographic staging of thumb CMC OA has 
very poor correlation with the symptoms.  
The mean value of each obtained parameter showed no apparent differences between male and 
female groups (all p > 0.2). However, the within-group variation of contact force and area were 
much smaller for males than for females (Figure. 2.9), and were nearly significant (f test yielded 
p = 0.058 for CF, p = 0.051 for CA). No apparent aging pattern was observed in the male group 
for any computed parameters (p > 0.4 for the regression analysis of all contact parameters within 
male group). In the female group, CF and PP showed trends of increasing with age (p = 0.091 for 
CF vs. age, p = 0.097 for PP vs. age) (Figure. 2.10). For both male and female group, there were 
no apparent effects of either BW or BMI on any of the contact parameters (within male group all 
contact parameters p > 0.2, within female group all contact parameters p > 0.4) (Figure. 2.10). 
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All the above statistics were performed with results from standard material properties for all 
subjects. However, Subject F4 had contact force of 80 N, which was unreasonably high for a 
light grasp. To account for apparent OA in this subject, the model was re-analyzed using a 
modulus of 2 MPa. The resulting force (40 N) was similar to the other subjects. PP and AP were 
also reduced to half the original values, though CA was not notably different (Table 2.1). 
The contact pressure distribution for the male subjects showed both medial (M2 and M3) and 
volar-lateral (M1 and M4) patterns (Figure. 2.11), and the PP with medial contact (M2 and M3) 
were individually higher than the PP with volar-lateral contact (M1 and M4). For the first three 
female subjects contact was consistently located on the medial edge of both surfaces with PP 
located at the middle-to-volar region; while Subject F4 showed a unique dispersed contact 
pattern which yielded much larger contact area and force, and PP substantially shifted in the 
dorsal direction compared with all the other subjects (Figure. 2.11). 
Contact areas computed from the modeling analysis were on average within 15% variation from 
the contact areas directly measured from the loaded image (Figure. 2.12), which verified the 
model accuracy. In addition, the regression analysis showed a significant correlation (R
2 
= 0.98, 
slope = 0.93) between the modeled and direct contact areas. 
2.5 Discussion 
The poor correlation between radiographic and symptomatic thumb CMC OA often makes it 
difficult to detect the disease at its early radiographic stage [17]. By the time that patients start to 
feel the discomfort and seek treatment, the OA has typically progressed to an advanced stage, in 
which the primary treatment is trapeziectomy. Removal of the trapezium can achieve pain relief 
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of the joint, but at the cost of permanent loss of strength, thumb height, and hand opening range 
[18]. It also leads to a higher risk of metacarpophalangeal (MCP) joint hyperextension to 
compensate the loss of working space [19]. 
Based on the previous cadaveric studies, the observed contact force and area from the current 
study were all within the expected range except for Subject F4 [1]. The contact force for Subject 
F4 appeared to be too high for the light grasp functional task. Based on the MR image evidence, 
it is reasonable to believe that Subject F4 had developed advanced stage of OA, which means the 
cartilage material properties (Young’s modulus and Poisson’s ratio) may have been substantially 
different from other subjects with relatively normal thumb CMC joint. With advanced OA, the 
cartilage degeneration will lead to decreased modulus [20], then the 4 MPa effective relaxation 
modulus might be too high for Subject F4, which caused the unreasonably high CF. Therefore 
we re-evaluated the contact parameters of Subject F4 using 2 MPa as the Young’s modulus. With 
the reduced Young’s modulus, the CA remained the same while CF, PP and AP all decreased to 
approximately half of the original value. The reduced CF appeared more reasonable for light 
grasp activity and similar to CF for other subjects. However, the exact change of cartilage 
material properties of Subject F4 (or any other subject) cannot be obtained non-invasively, which 
is a general limitation of modeling normal joints and especially joints with evidence of OA 
development. 
The thumb CMC joint is partially incongruent [21]. As a result, contact located at different 
regions (i.e. dorsal vs. volar and medial vs. lateral) can lead to substantially different joint 
loading conditions. As is indicated from the male subject group, the contact located at the lateral-
volar edge appeared to be evenly distributed with a relatively larger CA and lower PP, while the 
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contact located at the center of the medial edge yielded lower CA and higher PP. Interestingly, 
such medial-edge contact pattern was consistently observed for all the female subjects. This 
might indicate intrinsic gender differences in joint configuration. As has been suggested in the 
study by Ateshian et al, the curvatures of the trapezium articular surface were fundamentally 
different between males and females, while the metacarpal articular surface geometry showed no 
significant gender differences. As a result, the articulation of the thumb CMC joint may have 
been substantially less congruent in females than in males [21]. 
In addition to the potential gender differences in the articular surface geometry and joint 
congruency, it is also likely that the intrinsic differences in muscular and ligamentous properties 
can lead to different joint stability between males and females. There have been multiple studies 
focusing on the gender differences in the anterior cruciate ligament (ACL). The outcomes 
consistently suggest that because females are likely to have less neuromuscular control and 
ligamentous strength, they may have higher tendency to develop instability issues under both 
static and dynamic conditions [22, 23]. However, so far there hasn’t been any study comparing 
the differences of muscular and ligamentous properties specifically to the thumb CMC joint. 
Another important aspect of gender differences is the hormonal environment. Estrogen can play 
an important role in the local synovial homeostasis and the soft tissue remodeling including both 
ligaments and articular cartilage [23, 24]. Studies have shown that the estrogen deficiency in 
postmenopausal women is closely related to the increased risk of OA development [25]. On the 
other hand, it has been suggested that in younger females ACL laxity significantly increases with 
peak levels of estrogen and progesterone during a menstrual cycle, which predisposes the joint to 
instability and risk of injury [26]. Therefore it is still unclear whether the female hormones, 
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especially estrogen, are protective or destructive to the articular joint integrity. In addition, 
relaxin is known to reduce ligament stiffness and high levels of relaxin during pregnancy may 
have long-term effects on thumb CMC joint instability and OA development [27, 28]. As the 
thumb CMC joint greatly relies on muscular and ligamentous stability, further studies are 
definitely needed to look at the hormonal effects specifically at this joint, which may correlate 
with the alterations in joint contact mechanics. A comprehensive understanding of thumb CMC 
OA from both mechanical and biochemical aspects will provide needed information to the 
development of prevention, early diagnosis and intervention techniques. 
Previous studies suggested that BMI was directly proportional to thumb CMC OA prevalence 
[29, 30]. An increased BMI may lead to higher muscle and fat composition and therefore 
increase loading. Also changes in BMI may result in changes in local biochemical environment, 
leading to potential inflammatory responses causing cartilage degeneration [31]. However, in the 
current study the effects of either BW or BMI on joint contact mechanics was not observed from 
the linear regression analysis, which is likely due to the small number of subjects in each gender 
group. 
There are several limitations in this study. The material properties were taken from the literature 
and not determined or estimated for each individual subject. As shown, the assumed modulus has 
a large direct effect on the results. The finite element analysis was performed using linear 
tetrahedral element for the efficiency of meshing and refinement, which may lead to a stiffer 
response than quadratic tetrahedrons or hexahedrons. The subchondral cartilage surface was 
assumed to be rigid, which may also cause a higher peak pressure since the bone deformation 
was not considered. The joint contact was simulated under a static condition with fixed 
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displacement boundary conditions, while the actual grasp activity is under the balance of 
muscular activity and ligamentous constraints. However, the displacement boundary conditions 
reflect the actual in vivo bone interactions. In addition, with the small number of subjects in each 
group, the statistical analysis may be considered inconclusive. Finally, no biochemical assays 
were made for this preliminary study. 
2.6 Conclusion 
This study acquired thumb CMC joint contact mechanics data which indicates gender differences 
potentially related to the differences in the articular surface geometry, muscular and ligamentous 
strength as well as the hormonal environment. Such gender differences may be closely associated 
with the higher risk of thumb CMC OA development in females, especially postmenopausal 
women. Future studies need to investigate the comprehensive effects from both mechanical and 
biochemical factors based on larger cohorts of subjects, in order to further understand the 
etiology of thumb CMC OA and provide guidance for improving prevention, diagnosis and 
treatment techniques.   
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2.10 Tables and Figures 
Table 2.1. Contact measures for each individual subject, including Subject F4 with 2 MPa 
cartilage effective relaxation modulus (noted as F4r). 
Subject Age CF (N) 
CA 
(mm
2
) 
PP 
(MPa) 
AP 
(MPa) 
BW 
(kg) 
Height 
(cm) 
BMI 
M1 26 28 41 1.6 0.7 100 188 28 
M2 33 25 30 2.0 0.8 91 193 24 
M3 35 32 35 2.1 0.9 141 185 41 
M4 56 23 39 1.6 0.6 107 180 33 
F1 33 8 16 1.1 0.5 50 160 20 
F2 50 18 17 1.8 1.0 88 168 31 
F3 60 39 23 2.5 1.5 63 157 25 
F4 69 80 80 2.2 1.0 84 170 29 
F4r 69 40 80 1.1 0.5 84 170 29 
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Figure 2.1. (A) The unloaded MRI image of the trapezium and metacarpal. (B) The hand position 
and coil for the unloaded scan. 
 
 
Figure 2.2. (A) The loaded MRI image of the trapezium and metacarpal. (B) The hand position 
and coil for the loaded scan. (C) The visual feedback for the loaded scan. 
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Figure 2.3. (A) Cartilage segmentation from the unloaded image. (B) 3-D cartilage volume 
generated in ScanIP. 
 
 
Figure 2.4. Unloaded image without mask (A), the segmented (B) and isolated (C) metacarpal 
bone without cartilage. 
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Figure 2.5. Top: registration of loaded metacarpal (green) onto unloaded metacarpal (red). 
Bottom: registration of unloaded trapezium (green) onto transformed-loaded trapezium (red). 
Initial position is left (A), and aligned position is right (B). 
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Figure 2.6. Final finite element meshes of the trapezium cartilage (bottom) and metacarpal 
cartilage (top) articulation in the unloaded configuration in Abaqus. RP-2: reference point for the 
rigid body constraint. 
 
 
Figure 2.7. Example segmentation of direct contact area determined from a loaded image.  
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Figure 2.8. MRI image of Subject F4 with osteophyte marked by the red circle. 
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Figure 2.9. Mean value and standard deviation of contact measures for male and female groups. 
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Figure 2.10. Regression of contact force onto age (top), peak pressure onto age (middle), and 
peak pressure on to body mass index (bottom) for males and females.  
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Figure 2.11. Contact distribution on the trapezium and metacarpal for all subjects. Row 1: male 
trapezium; Row 2: male metacarpal; Row 3: female trapezium; Row 4: female metacarpal. 
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Figure 2.12. Regression analysis of direct contact area and model contact area for all subjects, 
indicating a highly linear, significant relationship. 
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3 In Vivo Thumb Carpometacarpal Joint Contact Mechanics: Comparison 
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3.1 Abstract 
Understanding thumb carpometacarpal (CMC) joint contact mechanics is important for early 
detection of and intervention for thumb CMC osteoarthritis (OA). Based on Magnetic Resonance 
Imaging (MRI) during functional loading from three asymptomatic female subjects, a time-
efficient surface-based contact modeling (SCM) procedure was evaluated for its accuracy 
compared to finite element modelling (FEM) in predicting in vivo thumb CMC joint contact data. 
The results suggested that the contact pressure value from SCM is somewhat lower than from 
FEM. However, SCM predicts contact distribution patterns consistent with FEM, and therefore 
may have potential for clinical risk assessment, diagnosis and evaluation of thumb CMC OA. 
Keywords: thumb carpometacarpal osteoarthritis; joint contact mechanics; finite element 
modeling; surface-based contact modeling. 
3.2 Introduction 
Thumb carpometacarpal (CMC) osteoarthritis (OA) affects 1 in 12 men and 1 in 4 women 
(Shuler et al. 2008). The prevalence predominates in postmenopausal women with more than 50% 
of them complaining of pain at the thumb base (Armstrong et al. 1994). While it is believed that 
thumb CMC OA is related to both mechanical factors (ligament laxity, dynamic stability, 
articular surface congruency, etc.) and biochemical factors (hormones and local inflammatory 
response), so far the etiology of thumb CMC OA remains unclear.  
Although radiography has long been used for the staging of thumb CMC OA, it has a very poor 
correlation with symptoms such as pain and weakness (Barron et al. 2000), which greatly hinders 
the development of early diagnosis and intervention techniques for thumb CMC OA. Often times, 
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a patient with a greatly deteriorated thumb CMC joint will not have notable symptoms and 
therefore will not seek medical assistance. By the time the thumb CMC OA is detected, it has 
already progressed to the end stages. Trapeziectomy is the primary surgical procedure to achieve 
pain relief for end-stage thumb CMC OA. The procedure requires a long recovery period and 
results in shortened thumb length, reduced strength, and reduced hand working space. Though 
pain is reduced, the outcome still negatively affects the patients’ quality of life and may lead to 
further joint degeneration such as the scaphoid-trapezium OA (Barron, et al. 2000, Martou et al. 
2004, Pomerance 1995). Understanding the mechanism of thumb CMC OA development may 
provide important guidance for developing prevention, early diagnosis, and treatment techniques. 
Previous studies have indicated that joint contact can be an important factor to evaluate joint 
stability and OA risk/development (Andriacchi et al. 2004, Ateshian et al. 1992). The contact 
pressure distribution on the articular surface directly affects the regulation and maintenance of 
cartilage integrity throughout the lifetime (Andriacchi, et al. 2004). Concentrated stress is more 
likely to damage the collagen and proteoglycan matrix and cause cartilage degeneration 
(Ateshian, et al. 1992, Shi et al. 1995). Several studies of thumb CMC joint contact mechanics 
have been conducted based on the cadaveric models, but the findings are inconsistent (Momose 
et al. 1999, Ateshian et al. 1995, Pellegrini et al. 1993). At this time we have not found any 
published data on the in vivo thumb CMC joint contact mechanics in normal or pathologic joints. 
Computational modeling can be an effective and non-invasive tool to measure in vivo joint 
contact mechanics and to evaluate the changes due to gender, age and OA development. Finite 
element modeling (FEM) and surface-based contact modeling (SCM) are two possible 
computational methods. FEM is typically considered most accurate and accepted as a gold 
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standard, but FEM requires substantial manual input to assure a quality mesh, as well as longer 
computation times. SCM simplifies the model construction and computations, since only the 
surface-based interaction is considered (Kwak et al. 2000). Thus SCM greatly reduces the 
analysis time. However, SCM is based on a lower order estimation and may be less accurate.  
The objective of the current study is to obtain preliminary in vivo thumb CMC contact pressure 
data and to evaluate the accuracy of SCM compared to FEM in order to determine SCM analysis 
accuracy for possible future research and clinical applications. 
3.3 Methods 
3.3.1 Subjects and MRI Scan 
Three female subjects with no reported thumb CMC OA symptoms or previous injury to the 
thumb CMC joint were enrolled for this study (approved by governing IRB). For each subject, 
one hand was scanned in a 3T clinical MRI system (Siemens Skyra, Siemens, USA) with dual 
echo steady state (DESS) sequence. Two sets of MRI images were acquired for each hand. First, 
a high resolution (0.22 mm × 0.2 mm in-plane pixel size, 0.5 mm slice thickness) unloaded 
image set was acquired with the relaxed hand placed in a flat palm down position (Figure 3.1, 
top). Then, the same hand performed a functional light grasp by gripping an air-pressurized tube 
(initial pressure = 3.0 psi = 20.7 kPa) to the target pressure (3.125 psi = 21.5 kPa). The loaded 
image set was acquired at a relatively lower resolution (0.31 mm × 0.31 mm in-plane pixel size, 
1.0 mm slice thickness) in order to reduce the scan time and minimize the subject fatigue and 
motion artifacts during grasp. All the subjects were required to wear a wrist brace while 
performing the grasp to ensure consistent wrist position during grasp (Figure 3.1, bottom). The 
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real-time tube pressure was projected to a computer screen visible to the subjects in the MRI 
scanner in order to give feedback to the subjects and allow them to maintain the target grasp 
pressure. 
3.3.2 Model Geometry Construction 
The model geometry of both FEM and SCM were constructed from the unloaded image set. For 
the SCM analysis, the trapezium and metacarpal bones with cartilage were segmented using 
ScanIP (Simpleware Ltd, Exeter, UK) (Figure 3.2, top), then the STL surface file was converted 
to a bilinear 3d surface file using a Matlab surface fitting algorithm. The average surface element 
edge length was between 0.3 - 0.5 mm for metacarpal and 0.3 - 0.4 mm for trapezium (Table 3.1, 
Figure 3.3). 
In order to evaluate the effect of cartilage thickness on SCM model accuracy, the corresponding 
subchondral bone surface was also converted to a bilinear 3d surface. For each node from the 
cartilage surface, a corresponding node from the subchondral bone surface was obtained with the 
shortest distance from this cartilage surface node to determine the local cartilage thickness. 
Therefore a spatially varying cartilage thickness file was created specifically for each articular 
surface for all three thumb CMC joints. The average cartilage thickness of each articular surface 
(mean of all the values in each thickness file) was calculated (Table 3.1). 
For the FEM analysis, the trapezium and metacarpal cartilage only were segmented (with the 
same articular and subchondral surfaces as in SCM) to create 3-D linear tetrahedral volume mesh 
using the ScanIP/FE module (Figure 3.2, bottom). Two sequential mesh refinements were 
performed for each thumb CMC joint in order to assure mesh convergence. For each modeling 
analysis, less than 5% variation of contact force was used as the mesh convergence criterion. The 
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FEM mesh convergence criterion was achieved by increasing the number of nodes from 3515 to 
8600 for the metacarpals and from 4198 to 6015 for the trapeziums. After refinement, the 
average element side length was between 0.3 – 0.7 mm for both metacarpal and trapezium 
cartilage (Table 3.1, Figure 3.3). For each joint, the converged mesh was also converted to 
quadratic tetrahedral elements and the same contact parameters were computed. 
3.3.3 Kinematics 
The kinematic transformations for the bones to the state of light grasp were obtained using image 
registration of the trapezium and metacarpal from the unloaded to the loaded configuration, 
based on the assumption that the deformation of the bones during light grasp loading was 
negligible. The trapezium and metacarpal bones without cartilage were segmented and isolated 
from the unloaded and loaded image sets. The registration was performed using Analyze 5.0 
voxel-based registration module, because voxel registration is less sensitive to segmentation 
errors. The metacarpal was used as the reference in the unloaded and loaded coordinate systems. 
First the loaded metacarpal was registered to the unloaded metacarpal to obtain the 
transformation that aligned the loaded image set with the unloaded coordinate system (Figure 3.4 
top). Then the loaded trapezium was transformed into the unloaded coordinate system using this 
loaded-to-unloaded reference transformation. Finally the unloaded trapezium was registered to 
the transformed-loaded trapezium in order to obtain the kinematic transformation from the 
unloaded to the loaded configuration (Figure 3.4, bottom). 
3.3.4 Modeling Analyses and Verification 
For each thumb CMC joint, the contact mechanics were analyzed using FEM with linear 
tetrahedral mesh (FEML), FEM with quadratic tetrahedral mesh (FEMQ), SCM with uniform 
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cartilage thickness (SCMU), and SCM with variable cartilage thickness (SCMV). All four 
procedures were performed with displacement boundary conditions. For each analysis, the 
obtained kinematic transformation was applied to the trapezium while the metacarpal was fixed. 
Within each subject, the contact area (CA), contact force (CF) and peak contact pressure (PP) 
were compared among the four different methods. 
The SCM was performed using Joint_Model for the Windows operating system. For the SCMU 
analysis, the cartilage thickness was assumed to be 1 mm; for the SCMV analysis, the subject-
specific cartilage thickness file was incorporated for each model. The rigid surface linear contact 
rule was applied in SCM, hence the local contact pressure was proportional to the local strain 
and the local strain was calculated as the local surface interpenetration divided by the total local 
cartilage thickness. The effective cartilage relaxation modulus, for all subjects and bones, was set 
to 4 MPa (Kwak, et al. 2000, Johnson et al. 2012, Fischer et al. 2011). The contact area was 
determined by the overlapping region of the two articular surfaces. The contact force was 
calculated as the local contact pressure integrated over the entire contact area. 
The FEM was performed using Abaqus 6.9 (Simulia, Providence, RI). The cartilage was 
modeled as an elastic solid with homogeneous and isotropic material properties. The cartilage 
Young’s modulus was modeled as 4 MPa (effective relaxation modulus) and Poisson’s ratio = 
0.2 (Jurvelin et al. 1997). Frictionless contact with finite sliding was assumed for the cartilage 
articulation. 
In order to verify the accuracy of the modeling procedures, for each thumb CMC joint the 
contact area was also directly measured from the loaded MRI and compared with the contact 
area calculated from the modeling analysis. The contact region curve was segmented from each 
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loaded image slice. The lengths of image contact curves were calculated, multiplied by the slice 
thickness and summed to obtain the total contact area (Figure 3.5). 
3.4 Results 
Although all three subjects self-reported asymptomatic, Subject 3 showed substantial joint space 
narrowing, cartilage degeneration and osteophyte formation, which strongly indicated an 
advanced stage of thumb CMC OA (Figure 3.6). The average cartilage thickness for Subject 3 
was also lower than that of Subject 1 and 2 for both articular surfaces (Table 3.1). 
The pressure distribution maps showed that Subject 1 and 2 had similar contact patterns, with 
primary contact located at the center of the medial edge, while Subject 3 showed much larger 
contact area with the PP location shifted substantially in the dorsal direction compared with the 
first two subjects. Within each subject, the pressure distribution from FEM and SCM analyses 
were very similar (Figure 3.7), though the PP values varied between FEM and SCM (Figure 3.8). 
For the two FEM analyses, the pressure distribution inside the cartilage and on the subchondral 
surface showed similar patterns with the articular surface contact pressure, while the pressure 
values were sometimes higher inside the cartilage, compared to the articular surface, especially 
near the rigid back-side boundary condition (Figure 3.9). 
For all three subjects, the computed contact parameters from FEML and FEMQ were very 
similar (Figure 3.8, Figure 3.10, Table 3.2). The PPs from the two FEM analyses were higher 
than that from the two SCM analyses. Comparing the two SCM analyses, the PP from SCMV 
was higher than that from SCMU for Subject 2 and 3 while similar for Subject 1 (Figure 3.8). 
The FEM results in particular appeared to indicate that Subject 3, with OA symptoms, had 
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somewhat higher PP. For Subject 1, CF from the two SCM procedures was similar and higher 
than FEM. For Subject 2 and 3, CF from FEM was higher than that from SCMU and SCMV, 
though SCMV yielded CF closer to FEM (Figure 3.10).  
Regarding the time efficiency, time to build a single finite element model and prepare an 
adequate mesh (including convergence studies) was approximately 6 hours compared to 30 
minutes for the SCM surface mesh. In addition, FEML computation took 20 minutes and FEMQ 
took about 1 hour, compared to 3 seconds for the two SCM procedures (all comparisons made 
using a Windows PC with 12 processors (3.30 GHz), and 64 Gb of RAM). 
The subject-specific measure of model fidelity is the comparison with direct contact area. The 
direct contact areas measured from the loaded images were within 15% variation from FEM 
computed CAs, which indicated the level of accuracy for FEM modeling procedures. CAs 
computed from SCM were consistently larger than FEM and direct contact area (Table 3.2). 
3.5 Discussion 
In this study, Subject 3, although self-reported asymptomatic, showed clear radiographic 
evidence of thumb CMC OA and substantially altered joint contact pattern compared with the 
other two subjects. This aligns with the previous findings that the radiographic evidence of 
thumb CMC OA correlates poorly with the symptoms, and is also consistent with the prior 
cadaveric studies suggesting substantial changes in joint contact with OA development (Momose, 
et al. 1999, Ateshian, et al. 1995, Pellegrini, et al. 1993). For a clinical application of SCM to 
evaluate the in vivo joint contact mechanics, the goal is to detect adverse joint mechanics before 
radiographic or MRI evidence of thumb CMC OA. 
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Both FEM and SCM are computational modeling procedures that have been used for analyzing 
in vivo joint contact mechanics. However, we have found no published study applying either 
procedure to in vivo thumb CMC joint contact mechanics. FEM applies deformable analysis, 
which typically yields more accurate results by accounting for deformation within the entire 
cartilage volume. In the current study, FEM consistently had higher PP than both SCM analyses 
for all three subjects. The higher PP for FEM may be partially due to the different meshes and 
element types used in FEM and SCM. Although the average element edge length showed no 
substantial difference between these two methods, the SCM mesh was very uniform and FEM 
included many smaller elements. Thus, locally smaller elements in FEM may have better 
approximated the true PP (Table 3.1, Figure 3.3). Although linear tetrahedral elements are 
believed to have stiffer response and cause overestimation of PP, no apparent differences 
between FEML and FEMQ were observed, which suggests that the stiffening of linear 
tetrahedral elements was negligible in theses analyses.  
Our FEM analysis incorporated several simplifications including the use of linear tetrahedral 
element and the rigid subchondral bone constraint, which could also lead to overestimation of PP. 
Even with those simplifications, the FEM still took much longer time than SCM. The long 
preparation and computation time for FEM is a drawback that may limit the application of FEM 
in clinical practice, where rapid processing is required. 
Previous studies have suggested that elevated and/or concentrated contact pressure exerted on the 
articular surface is more likely to damage the cartilage collagen and proteoglycan matrix and 
therefore induce OA development (Ateshian, et al. 1992, Shi, et al. 1995). Thus PP is a key 
measure for predicting OA risk. Because the SCM analysis used in this study was based on a 
 
 
 
88 
 
 
linear surface interaction contact rule, the contact pressure values were expected to be somewhat 
less accurate than FEM. While SCM PP was quantitatively lower than FEM PP, SCM produced 
the same trends for PP across the subjects, and very similar contact distributions (i.e. changes of 
CA and PP location). PP location is also a key measure, since it indicates shifts in loading that 
may induce OA. Thus, SCM may be capable of providing sufficient information for future 
clinical applications with much less modeling time.  
CAs from SCM were consistently higher than FEM and direct contact area. This is most likely 
due to the rigid body surface interaction assumption in SCM. FEM had similar pressure 
distribution patterns inside the cartilage as with that on the articular surface, which may suggest 
that surface contact analysis may be sufficient to provide information about the stress exerted on 
the cartilage. The higher pressure values inside cartilage and on the subchondral may be due to 
the rigid subchondral surface assumption. However, further study is needed to confirm the cause 
of such pattern, as well as to determine whether such elevated the pressure values will have 
significant effects on cartilage conditions. 
In the current study we also investigated the effect of incorporating cartilage thickness on the 
SCM joint contact analysis accuracy, as the contact pressure and pressure distribution on the 
articular surface is clearly directly related to cartilage thickness which may be altered due to 
degeneration (Andriacchi, et al. 2004, Ateshian, et al. 1992, Shi, et al. 1995). Thinner cartilage 
will increase the local strain and contact pressure. Incorporating the cartilage thickness file was 
shown to improve the SCM model accuracy (calculation of CF and PP) compared to FEM for 
both Subjects 2 and 3. 
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This study had several limitations. Because of the small number of subjects, there is no 
reasonable basis for statistical comparisons of the obtained data. Also, FEM was performed 
using linear tetrahedral elements, which can lead to stiffening of the model response (for a given 
modulus) compared to higher order elements. For the future studies, FEM analysis should be 
evaluated using quadrilateral tetrahedral elements or hexahedral elements to prevent this 
stiffening response. Also the rigid body constraint for subchondral cartilage surface may have 
increased the effective cartilage stiffness and yielded higher PP results, which may be part of the 
reason that PPs from FEM were higher than PPs from SCM in all three subjects. Thus, modeling 
and moving the deformable bones with cartilage should be considered in future FEM studies. 
However, this will further increase the model and mesh preparation time as well as the 
computation time.  
In the current study, the actual cartilage modulus is unknown and cannot be determined in a non-
invasive manner. In addition, cartilage material properties are likely to change in the degenerated 
thumb CMC joint. Therefore for Subject 3 the 4 MPa Young’s modulus and 0.2 Poisson’s ratio 
may not be accurate. These material properties will directly affect the PP calculation for both 
FEM and SCM analyses. One study clearly indicated that joint degeneration and OA 
development will cause decreased cartilage modulus (Boschetti and Peretti 2008). Using the 
same modulus for Subject 3, with evidence of OA, may have contributed to the higher PP. That 
is, if a lower modulus had been used to account for OA degeneration, then Subject 3 PP may 
have been similar or even lower than the PP of the other subjects. 
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3.6 Conclusion 
This study compared surface-based contact modeling and finite element modeling for in vivo 
thumb CMC joint contact mechanics analysis. The results suggested that SCM can provide 
relative contact mechanics measures similar to those from FEM, and SCM is able to model both 
normal and osteoarthritic subjects. In addition, using variable cartilage thickness in SCM 
improves the prediction accuracy, as expected. Therefore, SCM has clear potential for future 
research and clinical applications exploring the etiology of thumb CMC OA, including risk 
assessment, prevention, diagnosis, and treatment options based on in vivo joint contact 
mechanics. 
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3.9 Tables and Figures 
Table 3.1. Element edge length (mm) data from FEM and SCM, and cartilage thickness (mm) of 
metacarpal and trapezium for all subjects. 
 
Metacarpal Trapezium 
FEM 
Average 
Min  
FEM  
Average 
Max 
SCM 
Average 
Cartilage 
Thickness 
FEM 
Average 
Min  
FEM  
Average 
Max 
SCM 
Average 
Cartilage 
Thickness 
Subject 
1 
0.37 0.69 0.33 0.90 0.34 0.60 0.33 0.82 
Subject 
2 
0.37 0.70 0.36 0.96 0.34 0.64 0.30 0.83 
Subject 
3 
0.33 0.62 0.47 0.66 0.34 0.65 0.38 0.64 
Average 0.35 0.67 0.39 - 0.34 0.63 0.34 - 
 
Table 3.2. Contact area (mm
2
) from SCM, FEM and Direct Contact Area (DCA).  
 
SCM FEML FEMQ DCA 
Subject 1 27 16 16 18 
Subject 2 26 17 18 15 
Subject 3 92 80 82 74 
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Figure 3.1. Top: Unloaded scan, hand position (left) and MRI image (right). Bottom: Loaded 
scan, hand position (left) and MRI image (right). 
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Figure 3.2. Top: Bone with cartilage segmentation (left) and model geometry (right) for SCM. 
Bottom: Cartilage segmentation (left) and model geometry (right) for FEM. 
 
Figure 3.3. Visual comparison of mesh resolution of FEM (left) and SCM (right) in the contact 
region. 
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Figure 3.4. Top: loaded metacarpal (green) registered to the unloaded metacarpal (red). Bottom: 
unloaded trapezium (green) registered to the transformed-loaded trapezium (red). Left: initial 
position. Right: aligned position. 
 
Figure 3.5. Segmentation of contact area directly from the loaded image. 
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Figure 3.6. MRI image of Subject 3 with osteophyte marked by the red circle. 
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Figure 3.7. Contact pressure distribution on the trapezium cartilage surface. 
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Figure 3.8. Peak pressures computed from SCMU, SCMV, FEML and FEMQ for all three 
subjects. FEM PPs were consistently higher than SCM PPs. 
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Figure 3.9. Pressure distribution inside the cartilage viewed from a cutting plane for all three 
subjects. Top: metacarpal cartilage. Bottom: trapezium cartilage. 
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Figure 3.10. Contact forces computed from SCMU, SCMV, FEML and FEMQ for all three 
subjects.  
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4 Conclusion and Future Directions 
The comparison of in vivo thumb CMC joint contact mechanics between males and females 
indicated likely differences in primary contact distribution. Although no statistical significance 
was observed, the linear regression analysis suggested that aging may have more profound effect 
on contact pressure values of the female thumb CMC joint. As the contact pressure distribution 
can be directly related to cartilage degeneration, the observed outcomes might indicate the 
intrinsic incongruent and unstable articulation in female thumb CMC joint, which causes stress 
distributions that lead to cartilage degeneration over the years. Given the small number of 
subjects, the above hypothesis has not been proven, and it is confounded by other factors related 
to the gender differences (e.g. hormonal environment). However, the results from this study 
show the potential of in vivo joint contact mechanics to improve understanding the thumb CMC 
OA etiology. 
For three of the female subjects, the thumb CMC joint contact mechanics data were computed 
using FEM, SCMU and SCMV. Although the absolute CA and PP values obtained from SCM 
were quantitatively different from FEM, which is commonly considered the gold standard, SCM 
can still provide good relative data and accurate contact distribution pattern consistent with FEM. 
SCM can also detect the alteration of contact pattern due to OA development. Most importantly, 
the SCM analysis requires much less time, labor input and computational resources. Given the 
indications from the previous chapter that the in vivo contact mechanics can provide insights into 
thumb CMC OA development, this modeling tool may also be used to develop early diagnosis 
techniques and/or evaluate the treatment efficacy. While the absolute accuracy of SCM may be a 
concern, incorporating the cartilage thickness in SCM appears to help increase the computational 
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accuracy, especially for analyzing degenerated thumb CMC joints, which are more likely to 
possess abnormal and irregular cartilage thickness. 
Findings from these current studies are not completely conclusive, yet they raise the necessity for 
further investigation and collaboration from engineers, chemists, physicians, etc. For future 
investigations, the in vivo contact mechanics analyses as well as the comparison between FEM 
and SCM need to be performed on more subjects to achieve conclusions with sufficient statistical 
power. Meanwhile, when comparing the thumb CMC joint between males and females, other 
factors such as the hormonal environment causing gender differences also need to be controlled 
and considered. For example, urine sample can be drawn from each subject to test the estrogen or 
testosterone level, and the result can be correlated with the contact mechanics data to evaluate 
possible causal effects or interaction between the mechanical factors and biochemical factors on 
OA development. 
The overall objective of this study is to improve the prevention and early intervention of thumb 
CMC OA. Therefore another major theme of future study is to develop and evaluate early 
treatment techniques. For instance, each participant with suspicious abnormal thumb CMC joint 
contact may undergo simple hand therapy (e.g. exercise to strengthen a specific muscle or 
muscle group) administered for a certain period of time, and the joint contact mechanics may be 
re-evaluated after the therapy to assess the efficacy and to provide guidance for improving the 
therapy protocol. 
In conclusion, the in vivo thumb CMC joint contact mechanics suggested intrinsic gender 
differences related to the higher thumb CMC OA risk in postmenopausal women. The time-
efficient SCM technique has clear potential for future research and clinical applications. 
